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PROGRAMMABLE PHASE -LOCKED LOOP CIRCUITRY 
FOR PROGRAMMABLE LOGIC DEVICE 

Background of the Invention 

[0001] This invention relates to phase-locked loop 
5 circuitry including programmable components, and 

particularly to such circuitry, for use in a programmable 
logic device, where the programmable components can be 
used for other purposes. 

[0002] It is known to incorporate phase-locked loop 

10 ("PLL") circuitry on programmable logic devices ("PLDs") . 
For example, it has become common for PLDs to accommodate 
various input /output standards, some of which require very 
accurate high-speed clocks. One way of providing such 
clocks is to provide PLL circuitry on the PLD. 

15 [0003] A basic PLL includes a phase -frequency detector 
("PFD"), a charge pump, a loop filter and a voltage- 
controlled oscillator ("VCO"), connected in series. The 
input or reference frequency is one input to the PFD. The 
output of the VCO, which is the output of the PLL, is also 

20 fed back to another input of the PFD. If the feedback 

signal is not locked to the input reference signal, then 
the PFD output will be a signal (voltage) whose sign is 
indicative of whether the output leads or lags and whose 
magnitude is indicative of the amount of lead or lag. 

2 5 That signal is filtered by the charge pump and loop filter 
and is input to the VCO, causing the output frequency to 
change. Eventually, the output signal will lock to the 
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phase of the input reference signal. In this simple 
example, the output signal also will lock to the frequency 
of the input reference signal, but in most PLLs, counters 
on the input and output of the PLL are used to divide the 
5 input frequency, while a counter/divider in the feedback 
loop is used to multiply the input frequency- Thus the 
frequency of the output signal can be any rational 
multiple of the input frequency, but will be phase-locked 
to the input frequency. 

10 [0 0 04] PLLs are thus relatively large and complex 

circuits, and providing PLLs on PLDs therefore either adds 
significant area to the PLD, or takes away area that could 
be used for programmable logic circuitry in a PLD of a 
given size. This is of particular concern because the 

15 PLLs that are provided may not be used in a particular 
user design, so that, as far as that user is concerned, 
the PLL circuitry is simply wasted. It would be desirable 
to be able to recapture that circuitry when it is not 
being used as a PLL. 

2 0 [0005] Conversely, PLLs that are provided on a PLD 

typically are of a fixed design determined by the PLD 
manufacturer. However, for particular user designs, that 
fixed PLL design may not be suitable. Heretofore in such 
cases, the user had to either provide a PLL externally, or 
25 consume programmable logic resources on the PLD, which 
could have been put to other uses, to construct a PLL 
meeting the particular needs of the user design. It would 
be desirable to be able to provide more flexible PLL 
circuitry on a PLD. 

3 0 Summary of the Invention 

[0006] The present invention provides phase-locked loop 
circuitry on a programmable logic device that is both more 
flexible than previously known PLL circuits on PLDs and 
able to be, at least in part, recaptured when not being 
35 used as a PLL. This is accomplished by replacing the 

conventional analog filter components in the control loop 
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of the PLL with a series of components which may be 
adjustable or programmable, and which may have connections 
to other portions of the PLD. 

[0007] When the PLL circuitry of the PLD is used as a 
5 PLL, the adjustability of the components, if provided, 
makes the PLL more flexible than previously known fixed 
PLL implementations. Moreover, if the components have 
connections to other portions of the PLD, then in some 
circumstances, if the user design calls for more complex 
10 filtering than is provided in the PLL circuitry, even with 
adjustable components, then more complex filter components 
can be implemented elsewhere in the PLD and substituted 
for portions of the PLL circuitry. 

[0008] By the same token, when the PLL circuitry is not 
15 being used as a PLL, the connections of certain PLL 

components to other portions of the PLD make those PLL 
components available for incorporation into the user 
design for other purposes, thereby reclaiming, in some 
user designs, what otherwise would be wasted circuitry. 

2 0 [0009] In a preferred embodiment of the invention, 

those components that are particular to PLLs i.e., 
those components that make it preferable to provide 
dedicated PLL circuitry on a PLD rather than expect users 
to create PLLs from programmable logic are provided in 

25 their conventional fixed analog form. These include, in 
particular, the phase -frequency detector and the voltage- 
controlled oscillator. However, one or more components of 
the analog filtering path -- i.e., the charge pump and 
loop filter -- may be provided in digital form, and may be 

30 adjustable or programmable. In addition to allowing the 
components to be reused for other purposes as described 
above, providing the filtering components in digital form 
may allow more elaborate filtering schemes to be used, and 
also may allow for improved noise rejection in the 

3 5 feedback loop. As stated above, these digital components 

may be provided with some adjustability, allowing them to 
be programmed by the user to achieve some of these 
advantages . 
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[0010] In one preferred embodiment, the analog 
filtering components -- i.e., the charge pump and loop 
filter -- may be replaced by an analog front end, an 
analog-to-digital converter ("ADC"), a digital signal 
5 processor ("DSP") and a digital-to-analog converter 

("DAC") . In one version of this embodiment, the analog 
front end may resemble a conventional charge pump, so that 
effectively only the loop filter is replaced by the ADC, 
DSP and DAC. 

10 [0011] In the aforementioned embodiment, there 

preferably are connections from a first external pin to an 
input of the ADC, from an output of the ADC to the 
programmable logic components of the PLD (i.e., to one or 
more of the programmable logic regions of the PLD, or 

15 alternatively to the general purpose interconnect of the 
PLD, allowing the ADC output to be routed to any 
programmable logic region) , from the programmable logic 
components of the PLD to an input of the DAC, and from an 
output of the DAC to a second external pin. Several 

2 0 possible configurations flow from the availability of 
these connections. 

[0012] First, if the PLL is not being used as a PLL at 
all, then an external signal can be routed from the first 
external pin to the ADC and thence to the programmable 

25 logic components, thereby providing the user with an ADC 
through which to route an external input signal prior to 
processing by digital logic. By connecting the first 
external pin to another external pin, an internal signal 
can be routed out of the PLD and back in through the ADC 

30 if an ADC is needed for intermediate conversion of an 
analog signal to digital format. 

[0013] Similarly, a digital output signal can routed 
from the programmable logic components to the DAC and 
thence to the second external pin as an analog output 
35 signal. Again, by connecting the second external pin to 
another external pin, a digital signal can be routed out 
of the PLD through the DAC and back in through the other 
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pin if a DAC is needed for intermediate conversion of a 
digital signal to analog format . 

[0014] Alternatively, when the PLL is not being used, 
the ADC, DSP and DAC can be used as a unit. An analog 
5 signal to be processed by the DSP can be input on the 
first terminal and output on the second terminal . The 
user can use this block of circuitry independently of the 
remainder of the PLD, or, by connecting the first and 
second terminals to other terminals, can route signals out 

10 of the programmable logic core of the PLD into the 

ADC/DSP/DAC block and then back into the programmable 
logic core. Or by connecting only one of the first and 
second terminals to another terminal, the user can use the 
ADC/DSP/DAC block either as a front end for processing an 

15 input signal before inputting it to the programmable logic 
core of the PLD, or as a back end for processing an output 
signal from the programmable logic core. 
[0015] In addition, as stated above, the connections 
from the ADC output to the PLD core and from the PLD core 

2 0 to the DAC input can be used when the PLL is in use to 

route the PLL feedback signal through an alternate DSP or 
other filter constructed in the PLD core according to a 
user design which may require more complex, or simply 
different, filtering than is provided by the "standard" 

25 DSP. For example, in some applications it may be 

desirable to convert the feedback signals from the time 
domain to the frequency domain and perform the filtering 
in the frequency domain. 

[0016] Other connections can be provided in other 

30 embodiments. For example, an input to the DSP from the 

PLD core, and an output from the DSP to the PLD core, can 
be provided to allow the DSP (without the ADC or DAC) to 
be used by user logic in the PLD core (e.g., in cases 
where the user logic is already in digital mode, or where 
35 the user constructs a more elaborate, or simply different, 
ADC and/or DAC) . 

[0017] It should be noted that while the invention has 
been described up to this point as including a voltage- 
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controlled oscillator (VCO) , it may also include a 
current -control led oscillator ("CCO") in which case the 
DAC should operate in current mode rather than voltage 
mode . 

5 [0018] In another preferred embodiment, the analog PFD 
could be replaced by one or more digital components, 
eliminating the need for the ADC. Although there would no 
longer be an ADC in such an embodiment, the DSP and DAC 
could be reusable, separately or as a unit, in the manner 
10 described above for the embodiment that includes an ADC. 

Brief Description of the Drawings 

[0019] The above and other advantages of the invention 
will be apparent upon consideration of the following 
detailed description, taken in conjunction with the 
15 accompanying drawings, in which like reference characters 
refer to like parts throughout, and in which: 

[0020] FIG. 1 is a block diagram of a preferred 
embodiment of a phase -locked loop circuit according to the 
present invention; 
20 [0021] FIG. 2 is a block diagram of an exemplary 

programmable logic device incorporating a phase -locked 
loop circuit according to the present invention; 

[0022] FIG. 3 is a graph showing preferred input /output 
characteristics of the analog front end of the phase- 
25 locked loop circuit of FIG. 1; 

[0023] FIG. 4 is a schematic diagram of a preferred 
embodiment of the analog front end of the phase -locked 
loop circuit of FIG. 1; 

[0024] FIG. 5 is a block diagram of an alternate 
3 0 preferred embodiment of a portion of the phase -locked loop 
circuit of FIG. 1; 

[0025] FIG. 6 is a table showing preferred 
characteristics of the phase -frequency detector in the 
embodiment of FIG. 5; and 
35 [0026] FIG. 7 is a simplified block diagram of an 

illustrative system employing a programmable logic device 
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incorporating a phase -locked loop in accordance with the 
present invent ion . 

Detailed Description of the Invention 

[0027] As described above, the present invention 
5 improves resource utilization in PLDs having PLLs 

incorporated thereon, by allowing portions of unused PLLs 
to be used for other functions by the programmable logic 
core of the PLD, and also by allowing portions of the 
programmable logic core to be substituted for portions of 

10 the PLLs, This is achieved by breaking down the 

conventional analog filtering elements of a PLL feedback 
loop into blocks that may include digital circuitry and 
that may be programmable or adjustable, and by providing 
connections between individual ones of those blocks and 

15 the programmable logic core of the PLD. 

[002 8] The invention will now be described with 
reference to FIGS. 1-6. 

[0029] A phase-locked loop 10 according to the present 
invention preferably includes a phase- frequency detector 
20 (PFD) 11 and voltage-controlled oscillator (VCO) 12, which 
may (but need not) be conventional. The output of VCO 12 
is fed back to PFD 11 through feedback loop 13, to which a 
reference signal is also input. A prescale counter 14 may 
be located between input buffer 15 and PFD 11 to divide 

2 5 the input reference frequency by a preloaded integer value 

N- A postscale counter 16 may be provided to divide the 
output frequency by a preloaded integer value K. A 
feedback scale counter 17 may be provided in feedback 
loop 13 to divide the frequency of the feedback signal by 
30 a preloaded integer value M, with the effect of 
multiplying the output frequency by M. Together, 
counters 14, 16 and 17 have the effect of multiplying the 
input frequency by M/ (NK) . Without counters 14, 16 and 17 
a PLL would also be a " frequency- locked loop," because in 

3 5 addition to the output phase being the same as the input 
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phase, the output frequency would be the same as the input 
frequency. 

[0030] There may be certain specialized user designs In 
which It Is not sufficient simply to feed back the output 
5 of VCO 12. In some cases, external filtering of the 

output signal might be desired prior to feeding the signal 
back through feedback loop 13. For such cases, 
multiplexer 18 and Input buffer 19 are provided. 
[0031] Multiplexer 18 is located in feedback loop 13 

10 after VCO 12 and before feedback scale counter 17, thereby 
allowing a signal other than the output of VCO 12 to be 
fed back through counter 17 to PFD 11. The output of 
counter 16, suitably filtered in some external circuitry, 
which may be part of PLD 2 0 or external to PLD 20, could 

15 be input again through input buffer 19. In certain high- 
frequency applications, such as those involving RF 
frequencies, the frequency of the signal input at 
buffer 19 may be too high for PLL 10. For that reason, 
prescale divider 190 is also provided, allowing 

20 multiplexer 18 to select from among the output of VCO 12, 
an input from input buffer 19, or an input from input 
buffer 19 after frequency division by prescale 
divider 190 . 

[0032] Each of input buffers 15, 19 is shown with two 
25 input terminals 150. It is contemplated that buffers 15, 
19 allow for the use of differential signaling schemes 
(e.g., Low Voltage Differential Signaling, or "LVDS")- 
However, such signaling schemes form no part of the 
present invention, which may be used with either 
3 0 differential or single-ended signaling schemes. 

[0033] Where a conventional PLL would have an analog 
charge pump and loop filter, PLL 10 preferably includes 
digital filter 100- Digital filter 100 preferably 
includes an analog front end (AFE) 101, which preferably 
3 5 replaces the charge pump, and a digital filter 

element 102, which preferably replaces the loop filter. 
One or both of AFE 101 and filter element 102 preferably 
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are adjustable and/or programmable to allow a user to 
select different filter characteristics. 

[0034] Preferably, digital filter element 102 includes, 
in series, an analog- to-digital converter (ADC) 103, a 
5 digital signal processor (DSP) 104 and a digital-to-analog 
converter (DAC) 105. Although these three devices 
preferably are connected in series, each also preferably 
has respective inputs 106, 107, 108, and respective 
outputs 109, 110, 111, from or to, respectively, other 

10 parts of a device, such as PLD 20 (FIG. 2) , of which 
PLL 10 may be a part. Particularly in the case of 
input 106 to ADC 103 and output 111 from DAC 105, the 
other part of the device may be an input/output pin, or 
may be other circuitry on the device, while for the other 

15 inputs and outputs 107-110, the other part of the device 
is preferably other circuitry on the device, although it 
could be an input/output pin as well. 

[0035] The resolution and conversion range of ADC 103 
preferably are selected so that the desired phase error 

2 0 correction and phase detector pull-in range can be 

achieved. Similarly, the resolution of DAC 105 preferably 
is determined by Icnowing the gain of VCO 12, which allows 
the frequency variation that must be supported by the DAC 
resolution to be determined. For example, if the VCO gain 
25 is 2 GHz/V and the DAC bit resolution is 100 //V, then the 
frequency error resulting from a one-bit variation would 
be : 

2x10^ MHz/V X 100x10"^ V = 200x10"^ MHz = 0.2 MHz. 
At a frequency, e.g., of 50 0 MHz, an error of 0.2 MHz 

3 0 would result in jitter of: 

(1/(500 MHz)) - (1/(500.2 MHz)) = 8x10''' /iS = 0.8 ps . 
[0036] PLD 20, shown schematically in FIG. 2, is one 
example of a device of which PLL 10 may be a component. 
PLL 2 0 preferably includes a plurality of programmable 
3 5 logic regions 21 accessible to programmable interconnect 
structure 22. The layout of regions 21 and interconnect 
structure 22 as shown in FIG. 2 is intended to be 
schematic only, as many actual arrangements are known to. 
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or may be created by, those of ordinary skill in the art. 
Similarly, the locations of PLLs 10 on PLD 2 0 are shown 
schematically only, as PLLs 10 actually may be located 
anywhere on PLD 20, including inside logic regions 21, in 
5 accordance with the design of a particular PLD 20. 

[0037] PLD 20 also includes a plurality of input/output 
(I/O) regions 23. I/O regions 23 preferably are 
programmable, allowing the selection of one of a number of 
possible I/O signaling schemes, which may include 

10 differential and/or non-differential signaling schemes. 

Alternatively, I/O regions 23 may be fixed, each allowing 
only a particular signaling scheme. In some embodiments, 
a number of different types of fixed I/O regions 23 may be 
provided, so that while an individual region 23 does not 

15 allow a selection of signaling schemes, nevertheless 
PLD 20 as a whole does allow such a selection. In any 
event, whether I/O regions 23 can handle only one or a 
plurality of signaling schemes, among those signaling 
schemes could be a differential signaling scheme. 

2 0 Therefore, PLL 10 is designed to allow connection to 

circuitry external to PLL 10, including circuitry on 
PLD 20, that uses differential signaling schemes as 
discussed above. 

[0038] The provision of DSP 104 as part of digital 
25 filter 100 gives digital filter 100 a degree of 

programmability, and therefore flexibility, not heretofore 
found in PLLs. Not only does the programmability of 
DSP 104 allow adjustment of the filtering characteristics 
of PLL 10 itself, but it also provides a programmable DSP 
30 capability on PLD 20. If digital signals are present on 
PLD 20, they can be processed, by way of input 107 and 
output 110, by DSP 104 of a PLL 10 that is not being used- 
Analog signals similarly can be processed, by way of 
input 106 and output 111, by DSP 104 of a PLL 10 that is 

3 5 not being used. By combining input 106 and output 110, 

analog signals can be processed by DSP 104 and allowed to 
remain in digital mode after processing. By combining 
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input 107 and output 111, digital signals can be processed 
by DSP 104 and converted to analog mode after processing. 
[0039] Similarly, when PLL 10 is not being used, 
ADC 103 and DAC 105 are available for standalone use via 
5 input 106 and output 109, or input 108 and output 111, 
respectively. 

[0040] Moreover, when PLL 10 is in use, in a particular 
application more complex filtering than is possible with 
DSP 104 may be desired. In such a case, using output 109 

10 and input 108, the feedback signals can be filtered 

instead by circuitry elsewhere on PLD 20, or even outside 
PLD 2 0 assuming that the signal paths can be kept 
sufficiently short to avoid unacceptable signal skew. 
Thus, a filter circuit may be constructed according to the 

15 user design in one of programmable logic regions 21. 
Alternatively, a more complex DSP may be built-in 
elsewhere on PLD 20, as disclosed, e.g., in commonly- 
assigned U.S. Patent 6,538,470. 
[0041] Preferably, AFE 101 has the output 

20 characteristic shown in FIG. 3. As shown there, the 

output is a voltage 3 0 that is a linear function of the 
phase error indicated by PFD 11. As a practical matter, 
the maximum output voltage of AFE 101 may be limited. For 
example, ordinarily the output voltage cannot exceed the 

25 power supply voltage, and therefore the output voltage may 
saturate at a certain value, as indicated in phantom 
at 31, no matter how much larger the phase error becomes. 
[0042] One example of a suitable circuit that can be 
used as AFE 101 is shown in FIG. 4. AFE circuit 40 is 

3 0 substantially identical to a conventional charge pump as 
used in conventional PLLs . Thus, if PFD 11 generates an 
UP signal, meaning that the phase must be advanced, 
switch 41 will close and current will be sourced from 
current source 43 to create a positive voltage on 

35 resistor 44 that is passed to digital filter 102. 

Similarly, if PFD 11 generates a DOWN signal, meaning that 
the phase must be retarded, switch 42 will close and 
current will be sunk into current source 45 to create a 
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negative voltage on resistor 44 that is passed to digital 
filter element 102 . 

[0043] It should be noted, however, that any analog 
front end having the desired phase -versus -voltage 
5 characteristic, such as the characteristic shown in 
FIG. 3, can be used as AFE 101, 

[0044] In addition, in an alternative preferred 
embodiment, instead of providing and analog PFD such as 
PFD 11, and an analog front end such as AFE 101, a digital 
10 PFD 5 0 and an up/ down counter 51 could be provided as 
shown in FIG. 5. 

[0045] Instead of providing analog UP and DOWN outputs 
as does PFD 11, whose analog outputs indicate not only 
whether the phase needs to be retarded or advanced but by 

15 how much, digital PFD 50 provides simple UP and DOWN 
signals 52, 53. The magnitude of the required phase 
advance or retardation is indicated not by the magnitude 
of signals 52, 53, but by how often signals 52, 53 occur, 
as counted by up/down counter 51. The output of digital 

20 PFD 50 is shown in the table in FIG. 6. As shown, if the 
feedback signal, FBCLK, is low on a rising edge of the 
reference signal, REFCLK, the UP signal goes high, 
signaling that FBCLK must be advanced. If the reference 
signal, REFCLK, is low on a rising edge of the feedback 

25 signal, FBCLK, the DOWN signal goes high, signaling that 
FBCLK must be retarded. 

[0046] In this embodiment, digital filter 500 (similar 
to filter 100) preferably includes counter 51 and digital 
filter element 502 . Digital filter element 502 preferably 

30 is similar to digital filter element 102, except that it 
does not include an ADC. However, it does preferably 
include a DSP 504 for processing counter output 
signals 54, 55, and a DAC 505 for converting digital DSP 
output 56 to an analog signal 57. Preferably, DSP 504 

35 and DAC 505 include leads 507, 508, 510 and 511, allowing 
reuse of DSP 504 and DAC 505 either individually or as a 
unit, just as leads 107, 108, 110, 111 allow reuse of 
DSP 104 and DAC 105. 
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[0047] A programmable logic device (PLD) 20 
incorporating a PLL 10 according to the present invention 
may be used in many kinds of electronic devices . One 
possible use is in a data processing system 900 shown in 
5 FIG, 7. Data processing system 900 may include one or 
more of the following components: a processor 901; 
memory 902; I/O circuitry 903; and peripheral devices 904. 
These components are coupled together by a system bus 905 
and are populated on a circuit board 906 which is 

10 contained in an end-user system 907. 

[0048] System 900 can be used in a wide variety of 
applications, such as computer networking, data 
networking, instrumentation, video processing, digital 
signal processing, or any other application where the 

15 advantage of using programmable or reprogrammable logic is 
desirable. PLD 20 can be used to perform a variety of 
different logic functions. For example, PLD 20 can be 
configured as a processor or controller that works in 
cooperation with processor 901. PLD 20 may also be used 

2 0 as an arbiter for arbitrating access to a shared resources 
in system 900. In yet another example, PLD 20 can be 
configured as an interface between processor 901 and one 
of the other components in system 900. It should be noted 
that system 900 is only exemplary, and that the true scope 

2 5 and spirit of the invention should be indicated by the 
following claims. 

[0049] Various technologies can be used to implement 
PLDs 2 0 as described above and incorporating this 
invention . 

30 [0050] It will be understood that the foregoing is only 
illustrative of the principles of the invention, and that 
various modifications can be made by those skilled in the 
art without departing from the scope and spirit of the 
invention, and the present invention is limited only by 

35 the claims that follow. 



